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We investigate space- and time-like form factors for ui — > 717* and if* — * ^7* decays using the 
light-front quark model constrained by the variational principle for the QCD-motivated effective 
Hamiltonian. The momentum dependent space-like form factors are obtained in the q + = frame 
and then analytically continued to the time-like region. Our prediction for the time-like form factor 
F u]1T {q 2 ) is in good agreement with the experimental data. We also find that the space- like form 
factor F K »± K ± (Q 2 ) for charged kaons encounters a zero because of the negative interference between 
the two currents to the quark and the antiquark. 



The one-photon radiative decays from the low-lying 
vector(V) to pseudoscalar(P) mesons, i.e. magnetic 
dipole V(l 3 Si) — > P(l 1 S'o)7 transitions, have been the 
subject of continuous interest both theoretically and 
experimentally. These processes provided a valuable 
testing ground to understand the internal structure of 
hadrons and thus to pin down the best phenomeno- 
logical model of hadrons. In our previous light-front 
quark model(LFQM) analysis 0, 0] based on the QCD- 
motivated effective Hamiltonian, we have calculated var- 
ious radiative V — > P7 and P — > decay widths 
of light-flavored mesons(7r, p, u, K, K*, <j>, r), rf) and 
heavy-flavored ones such as (D, D*,D S , D*,rj c , J/tp) and 
(B,B*,B s ,B*,r]b,T) and found a good agreement 
with the experimental data. Especially for the recent 
analysis of the heavy meson sector Q , we have calculated 
not only the decay widths but also the momentum depen- 
dent transition form factors in both space- and time-like 
regions. However, our previous works on the magnetic 
dipole transitions of light-flavored mesons [l[ presented 
only the decay widths without showing the momentum 
dependent behaviors of the form factors. Particularly in- 
teresting radiative decays of light-flavored mesons may be 
u) — > 777* and K* — » K'y* processes since the form factor 
for lu — > 777* has already been measured in the time-like 
region via the decay of u> — ► 7r°/i + /i~ (3J and K* Kj* 
decays may deserve special attention in terms of SU (3) 
flavor symmetry breaking. 

The purpose of this Brief Report is to calculate 
the space- and time-like transition form factors for se- 
lected u — > 7T7* and K* — > Kj* processes using our 
LFQM [J, I2J and compare with other theoretical model 
predictions [J i, 1 0, S 1 as well as the available 
data [|[. To obtain the time- like form factor Fyp(q 2 ) 
for V — > -P7*, we have performed the analytic continu- 
ation from the space-like(g 2 < 0) region to the physical 
time-like region [0 < q 2 < (M v - M P ) 2 }. We find that 
the time- like form factor F^iq 2 ) obtained by analytic 
continuation is in good agreement with the data. We 
also find that the charged K*^ 1 — > if ± 7* transition form 
factor encounters a zero because of the negative inter- 
ference between the two currents to the quark and the 
antiquark. 

In our LFQM [Ji, the momentum space light-front 
wave function of the ground state pseudoscalar and vec- 



tor mesons is given by 



where 4>R(^h is the radial wave function and 
is the spin-orbit wave function obtained b y th e interac- 
tion independent Melosh transformation [l 0I | from the 
ordinary equal-time static spin-orbit wave function as- 
signed by the quantum numbers J PC . The meson wave 
function in Eq. ([1]) is represented by the Lorentz- invariant 
variables, X{ — pi / P + , k,;^ = pi± — 2^Pj_ and Aj, where 
P, pi and Aj are the meson momentum, the momenta, 
and the helicities of the constituent quarks, respectively. 
The covariant forms of the spin-orbit wave functions for 
pseudoscalar and vector mesons are given in Refs. [3, 0]- 
For the radial wave function we use the same 
Gaussian wave function for both pseudoscalar and vector 
mesons 



J J, 



4tt 3 / 4 
03/2 



^exp(-P/2/3 2 ), 



(2) 



where k 2 = k^ + k 2 and the Gaussian parameter (3 
is related with the size of meson. Here, the longitudi- 
nal component k z of the three momentum is given by 
k z = i x i ^ ^)Mo + ( m 2 — m 2 )/2Mo with the invariant 
mass M defined by M§ = (]< 2 ± +ml)/x 1 + (k 2 L +m%)/x2- 
The Jacobian dk z /dx of the variable transformation 

{cc,k_L} — > k — (k^,fc z ) is included in the radial wave 
function so that the wave function satisfies the following 
normalization 



dx 



d 2 k ± 
16tt 3 



^(x,k i± )| 2 = 1. 



(3) 



The key idea in our LFQM 0,0, [llj for mesons is to treat 
4>r(x, kj_) as a trial function for the variational principle 
to the QCD-motivated effective Hamiltonian saturating 
the Fock state expansion by the constituent quark and 
antiquark. The QCD-motivated effective Hamiltonian for 
a description of the ground state meson mass spectra is 
given by 



Hgg = Hq 



v qq 



k 2 



k 2 



v qq . 



(4) 



In our LFQM 0, [3, [Tl| , we use the two interaction po- 
tentials V q q for the pseudoscalar and vector mesons: (1) 



2 



Coulomb plus harmonic oscillator(HO), and (2) Coulomb 
plus linear confining potentials. In addition, the hyper- 
fine interaction, which is essential to distinguish vector 
from pseudoscalar mesons, is included for both cases, viz., 



Vnn = V +V h y 



a+V, 



4a s 2 S q ■ Sq 2 

conf-^ ("^ — -V Vcoul, (5) 

ir 3 m q rriq 



where V CO nf = bir(bh,r 2 ) for the linear (HO) potential and 
(S q ■ Sq) = l/4(— 3/4) for the vector (pseudoscalar) me- 
son. Our variational principle to the QCD-motivated ef- 
fective Hamiltonian first evaluates the expectation value 
of the central Hamiltonian H + Vq with a trial func- 
tion (f>ji(xi, kjj_) that depends on the variational param- 
eters (3 and then varies (3 until (<j)p\(Ho + Vo)|<Ar) be- 
comes a minimum. Once these model parameters are 
fixed, the mass eigenvalue of each meson is obtained by 
Mqq — {4>r\{Ho + Vqq)\<t>R). More detailed procedure 
of determining the model parameters can be found in 
Refs. (iim. 

The transition form factor Fyp(q 2 ) for the radiative 
decay of vector meson V(P) — * P(P')j*(q) is defined as 

(P(P')\J^\V(P, h)) = iee^e u (P, h)q p P a F VP (q 2 ), 

(6) 

where q = P — P' is the four momentum of the virtual 
photon and e v (P, h) is the polarization vector [2| of the 
vector meson with four momentum P and helicity h. The 
coupling constant gvp-y for real photon(7) case is deter- 
mined in the limit as q 2 — > 0, i.e. gvp-y = Fvp(q 2 = 0). 

We obtain the momentum dependent transition form 
factor Fyp(q 2 ) using the Drell-Yan-West frame( q + = 
q ° + q 3 = 0) [H El where q 2 = q+q- - qi = -Q 2 , 
i.e. Q 2 > is the space-like momentum transfer. In 
this frame, the matrix clement of the current can be ex- 
pressed as convolution integral in terms of the light-front 
wave function without encountering zero-mode contribu- 
tions [14j as far as the "+" component of currents Jj? m 
is used. To obtain the time-like form factor, we ana- 
lytically continue the space-like form factor Fyp{Q 2 ) to 
the time-like(q 2 > 0) region by changing Q 2 to — q 2 in the 
form factor. Furthermore, we use the transverse(/i = ±1) 
polarization to extract the coupling constant gyp 7 since 
the longitudinal state of the vector meson cannot convert 
into a real photon. 

The hadronic matrix element of the plus current, 
M+ = (P{P')\J+ m \V(P,h = +)) in Eq. © is then ob- 
tained by the convolution formula of the initial and final 
state light-front wave functions: 



Mr 



AA 




AA' 



(7) 



where k'j_ = x 2 q±, p~l = p'i = xiP + , and eej 

is the electrical charge for j-th quark flavor. Comparing 



with the right-hand-side of Eq. ([6]), we could extract the 
one-loop integral I(mi,m 2 ,q 2 ) as follows Q 



I(m 1 ,m 2 ,q 2 ) 



1 dx 
8^ 



x<A + 



d 2 k. 



Mo 



k 2 , 



(x,k / ± )0(x,k ± ) 
xiM Mo 
(k± ■ q±) 2 



(8) 



where Mo = yMo — (mi — m 2 ) 2 and A4q = Mo + mi + 
m 2 . The primed factors are the functions of final state 
momenta, e.g. Mq = Mg(x,k'^). 

The transition form factor Fyp(q 2 ) is then obtained as 

F V p{q 2 ) = e 1 I(m 1 ,m2, q 2 ) + e 2 I{m 2 ,m u q 2 ), (9) 

and the decay width for V — > P 7 is given by 



r(v - Pi) 



a 



2 7,3 

g VPl K 1 , 



(10) 



where a is the fine-structure constant and fc 7 = {My — 
Mp)/2My is the kinematically allowed energy of the out- 
going photon. 

In our numerical calculations, we use two sets of model 
parameters (m q = 0.22, m s = 0A5,(3 q q = 0.3659, f3 qS = 
0.3886)[GeV] for the linear and (m, = 0.25, m s = 
0.48, P q q = 0.3194, fa = 0.3419) [GeV] for HO confining 
potentials obtained from our variational principle [3, fill ] , 
where q = u or rf-quark. The isospin symmetry(i.e. 
m u = ma) used in our LFQM implies the relation of 
the transition form factors F UJ . K (Q 2 ) — 3F p7r (Q 2 ) between 
p — > 777* and u> — > ni processes. In Ref. [lj, we have 
shown that weak decay constants and electromagnetic 
charge radii of (tt, K, p, w, K*) mesons as well as radia- 
tive decay widths for p(u>) — » ttj and K* —> Kj are quite 
comparable with the experimental data. 

In Fig. [1] we show our results of the nor- 
malized transition form factor F UJ7r (Q 2 )/ F W7r (0)[or 
F p ±„±(Q 2 )/F p ±„±(0)] for the w -> 7r 7 *[or p ± - ^±7*] 
transition as a function of the photon momentum Q 2 . 
The solid and dotted lines represent the results of our 
HO and linear potential models, respectively. The dashed 
and dot-dashed lines represent the results of experimental 
pole fit, FP°J e (Q 2 ) = 1/(1+Q 2 /(A-p) 2 ) with A-p = 0.65 
GeV and vector meson dominance (VMD) model with p 
pole, F^f D (Q 2 ) = 1/(1 + Q 2 /(A^) 2 ) with A™ D = 
0.77 GeV, respectively. We have shown in |l[ that our 
results for the coupling constants g a)W7 = 2.349[2.242] 
GeV" 1 and g p7rj = 0.783[0.747] GeV" 1 obtained from 
HO [linear] model were in good agreement with the ex- 
perimental data c/Exp. = (2.319 ± .083) GeV" 1 and 

g^P- = (0.733 ±0.038) GeV" 1 [l|. As one can see from 
Fig. [TJ the momentum dependent form factors obtained 
from both HO and linear models are also quite close to 
FP° le (Q 2 ) at least for small Q 2 region. We also obtain 
the electromagnetic radius of the form factor F ul7r (Q 2 ) as 
(r 2 ^) = 1.199[1.183] fm 2 for HO[linear] potential model, 
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Q 2 [GeV 2 ] 



FIG. 1: The normalized transition form factor of uj — > 7r°7*(or 
p — > 7T 7*) in space- like Q 2 region obtained from HO (solid 
line) and linear(dotted line) potential models compared with 
experimental pole fit(dashed line) as well as VMD model(dot- 
dashed line). 




FIG. 2: Time-like ui —> 717* transition form factor obtained 
from HO potential model(solid line)compared with exper- 
imental pole fit(dashed line) and VMD model(dot-dashed 
line). 



which can be compared with 0.897 fm 2 from other quark 
model calculation Q. 

In Fig. [2j we show the time-like form factor of u) — ► 717* 
obtained from our HO modcl(solid line) and compare 
with the experimental data [3j as well as F%° (q 2 ) (dot- 
ted line) and F^ ID (q 2 ) (dot-dashed line). Our result 
for the time-like form factor is in good agreement with 
the data. We should note that we only give the results 
below the particle production threshold^ 2 = 4m 2 ) since 
the singularity for bound state production and the imag- 
inary part will appear beyond the threshold in our model 
calculation. 

The transition form factors for charged K*^ — > K^y* 
and neutral K*° — > K°j* processes are quite interest- 
ing quantities as the couplings of the two currents to 
the quark and the antiquark differ because of the SU (3) 
flavor symmetry breaking. In Fig. [31 we show the nor- 
malized neutral(red online) and charged(black online) 
K*K"f* form factors in space-like region obtained from 
our HO (solid line) and linear (dotted line) potential mod- 
els, respectively. Our LFQM results are also compared 
with VMD model (dot-dashed line). While the momen- 
tum dependent behaviors of Fk*oko(Q 2 ) show a nearly 
VMD-like behavior at least for small Q 2 region, those 
of F K *± K ±(Q 2 ) are very different from the VMD re- 
sult. Especially, our F K ,± K ±(Q 2 ) encounters zero at 
Q 2 ~ 4.5 GeV 2 for HO model and Q 2 ~ 8 GeV 2 for 
linear model, respectively. The authors in Q also found 
form factor zero using the covariant Bethe-Salpeter(BS) 
model, where the zero occurs at Q 2 = 4.8 GeV 2 for 
m s /m q — 1.8 and moves to the right(left) as m s /m q de- 
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FIG. 3: (color online). The normalized neutral(red) and 
charged (black) K* Ky* form factors in space-like region ob- 
tained from HO (solid line) and linear(dotted line) potential 
models compared with VMD model(dot-dashed line). 



creases (increases). In our model calculation, the point of 
form factor zero moves to the right as m s /m q decreases 
for given (3 or as /3 increases for given m s /m q and vice 
versa. The form factor zero for K*^ — > K^^f* decay 
is mainly due to the negative interference between the 
two currents and depends sensitively on the ratio of the 
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FIG. 4: The space- and time-like K*+K+j* and K*°K°~f* 
form factors obtained from HO and linear potential models 
for -0.16 < Q 2 < 0.2 GeV 2 region. 

mass of the strange and nonstrange constituent quarks, 
i.e. m s /m q as well as the gaussian (3 parameters. 

In Fig. 01 we show both space- and. time-like form 
factors of K*+ -> K+-/* and K*° -> #° 7 * tran- 
sitions obtained from HO and linear potentials for 
-0.16 < Q 2 < 0.2 GeV 2 region, where g 2 nax = [M K * - 
Mk) 2 — 0.16 GeV 2 and q 2 = correspond to a fi- 
nal state K meson recoiling with zero and maximum 
three-momentum, respectively. The line codes are ex- 
plained in the figure. While our value of the coupling 



constant gK*+K+-y = 1.047[0.997] GeV" 1 obtained from 
HO [linear] model is slightly larger than the experimental 
data g c *? +K+1 = (0.834 ± 0.041) GeV" 1 0, 5jf .o K « 7 = 
-1.309[-1.269] GeV" 1 obtained from HO [linear] is in 
good agreement with the data g^fo^o^ — —(1-271 ± 
0.055) GeV" 1 15]. The deviation of the coupling con- 
stant ratio of \gK*°K°-y/gK*+K+-y\ from 2 implies the 
amount of SU(3) symmetry breaking effect 0, Al- 
though our HO and linear model predictions for both 
neutral and charged kaon decays are somewhat different 
from each other in the intermediate and deep space-like 
Q 2 region(see Fig. [3]) , the two models are not much differ 
for the physical time-like region as well as the small Q 2 
region. 

In this Brief Report, we investigated the magnetic 
dipole lo — > 7T7* and K* — » if 7* transitions using our 
LFQM constrained by the variational principle for the 
QCD-motivated effective Hamiltonian. The momentum 
dependent form factors Fyp{q 2 ) for V — > P7* decays are 
obtained in the q + = frame and then analytically con- 
tinued to the time-like region by changing to ic{± in 
the form factors. The coupling constants gvp-y for real 
photon case is determined in the limit as q 2 — > 0, i.e. 
gvp-y = Fyp(q 2 = 0). One of the features we have inves- 
tigated is the finding of the form factor zero for charged 
K*^- — > K ± "f* transition, which deserves special atten- 
tion from the viewpoint of experimental possibility. As a 
concluding remark, our model parameters obtained from 
the variational principle uniquely determine the above 
nonperturbative quantities. This approach can establish 
the extent of applicability of our LFQM to wider ranging 
hadronic phenomena. 
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